Chemical ordering in "magic-number" palladium-iridium nanoalloys has been studied by means of density functional theory (DFT) computations, and compared to those obtained by the Free Energy Concentration Expansion Method (FCEM) using derived coordination dependent bond energy variations (CBEV), and by the Birmingham Cluster Genetic Algorithm using the Gupta potential. Several compositions have been studied for 38-and 79-atom particles as well as the site preference for a single Ir dopant atom in the 201-atom truncated octahedron (TO). The 79-and 38-atom nanoalloy homotops predicted for the TO by the FCEM/CBEV are shown to be, respectively, the global minima and competitive low energy minima. Significant reordering of minima predicted by the Gupta potential is seen after reoptimisation at the DFT level. © 2014 AIP Publishing LLC.
I. INTRODUCTION
Nanoalloys (NAs) are a class of nanomaterials composed of two or more metallic elements. These include nanoparticles (NPs), 2D-like structures, such as nanogrids and sheets, and 1D-like structures, such as nanowires and nanotubes.
1 For NA particles the combination of metals results in properties which are not only dependent on size and shape, 2 but also on the composition. 3 The presence of two or more elements introduces homotops, namely, isomers differing in only the ordering of atom types, increasing the complexity of the system's energy landscape. 4 The combination of metals can increase the activity and/or the selectivity of catalysts. 3 This nanoalloying effect has been investigated theoretically 5 and experimentally [6] [7] [8] [9] [10] [11] for the strongly demixing palladium-iridium system. [12] [13] [14] PdIr NAs have been investigated for use in several catalytic processes, including the preferential oxidation of CO, 6 , 11 the selective hydrogenation of benzonitrile, 7 and tetralin hydroconversion, which is key to reducing particulate emissions arising from the combustion of diesel fuel. 8, 9 In order to rationalise the nanoalloying effect on the activity and selectivity of catalysts, their structural characterisation is essential. We have recently reported structures for 8-10 atom Pd-Ir clusters using global optimisation directly at the density functional theory (DFT) level. 5 This, however, is challenging for larger particles due to the computational expense of the local minimisation step and the larger initial search space.
A wide range of methods are available for the prediction of nanoalloy structures. These include basin hopping, 15 genetic algorithms, 16 and statistical mechanical methods. [17] [18] [19] The number of homotops rises combinatorially as the compoa) r.l.johnston@bham.ac.uk b) mpolak@bgu.ac.il sition tends towards a 50/50 mixture, making the exploration of the energy landscape increasingly difficult. The free energy concentration expansion method (FCEM) is a statistical mechanical approximation for the prediction of chemical ordering in NAs of up to 1000 atoms, 19, 20 and beyond (Rubinovich and Polak, to be published). However, FCEM is limited to the prediction of the lowest energy homotop for a given crystalline structure only. The energetics required by FCEM can be provided by the extraction of coordination dependent bond energy variations (CBEV) from DFT computed surface energies. 21, 22 The extension of FCEM/CBEV from central-symmetric to more complex chemical orderings has recently been reported for the study of Pt-Ir clusters. 23 The model was able to characterise "quasiJanus" behaviour in the system, as has recently been investigated by Bochicchio and Ferrando. 24 The goal of the present work is twofold: first, to study 0 K chemical ordering in Pd-Ir nanoalloys by means of DFT, and second, to compare it with results of the FCEM/CBEV and the Birmingham Cluster Genetic Algorithm (BCGA). The FCC truncated octahedron (TO) is chosen for Pd-Ir, as for larger clusters it can be assumed structures will replicate that of the bulk alloy. 12 Indeed, the TO has been found experimentally for Pd-Ir ∼3 nm NAs. 9 FCEM/CBEV calculations are performed for 38-, 79-, and 201-atom Pd-Ir magic-number TO structures.
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Whilst the TO is probably not the lowest energy structure for the 38-atom NAs, these sizes were chosen because of the ability to assess the accuracy of FCEM/CBEV using DFT. If found to be reasonably accurate, confidence can be given to future studies on larger TOs, better suited to FCEM, which are not currently accessible to DFT-based methods.
The results for 38-and 79-atom particles are assessed through comparison to minima produced using the Birmingham Cluster Genetic Algorithm with the Gupta (BCGA/Gupta). All structures undergo further DFT local minimization for direct comparison. For the 201-atom TO, DFT calculations are carried out on all inequivalent structures to determine the favoured position of a single Ir dopant.
II. METHODOLOGY

A. Surface energies
The surface energies of Pd and Ir for six-surface orientations, (111), (110), (100), (311), (331), and (210) were calculated with DFT using the method of Methfessel. [25] [26] [27] Calculations were carried out with VASP, [28] [29] [30] [31] using PAW pseudopotentials and the PBEsol exchange correlation (xc) functional. [32] [33] [34] A cutoff of 400 eV and Methfessel-Paxton smearing with a sigma value of 0.01 eV was used. 35 A k-point mesh of 19 × 19 × 1 was used for the slab calculations. 36 The bulk energies of Pd and I r, E bulk , were calculated using the same parameters but with a 3D 19 × 19 × 19 k-point mesh.
To construct the surface a large supercell was used. 37 The supercell consisted of a slab, made up of a certain number of atomic layers, and a vacuum spacing of around 20 Å between slabs. The number of layers required to replicate the surface properties was found by increasing the number of layers until the energy of the slab converged to 0.01 eV. Surface energies, σ , were then calculated using the energy of N atoms in the slab, E Slab , and the bulk energy such that
where the factor of 1/2 accounts for the two surfaces of the slab. The number of layers required to converge E Slab was found to increase with the roughness of the surface. 14 layers were used for (111), 15 for (110) and (100), 21 for (311), and 32 for (331) and (210). The DFT computed lattice constants were used to construct the surfaces, 3.87 Å for Pd and 3.83 Å for Ir. The top and bottom three layers were allowed to relax during the DFT calculation.
B. FCEM/CBEV
FCEM is an efficient and reasonably accurate tool for the prediction of chemical ordering in alloys. Details of the expression for the free energy of a bimetallic NP can be found elsewhere. 19, 20 For T = 0 K, energetic contributions (no entropic or short-range order terms) are given by For surface and subsurface sites coordination-dependent bond energy variations (CBEV, δw pq ) were extracted from DFT computed surface energies via 21, 22 
where w b denotes the bulk bond-energy, w b = E bulk /6 (and w pq = w b + δw pq ). In particular, CBEV was approximated by a polynomial with coefficients fitted to (111), (110), (100), (311), (331), and (210) surface energies for each metallic element. For a p − q pair bond with Z p and Z q broken bonds, δw pq is considered as a function of symmetric, x pq = Z p + Z q and anti-symmetric, y pq = Z p − Z q , coordination variables (y pq takes into account the possible non-equivalence of two sites),
In this way, energy variations are treated as coordinationdependent functions rather than numerical values. The implied basic assumption concerning the dominant effect of coordination, reflected in the use of common polynomials with element-specific coefficients, helps to circumvent transferability problems, namely, the need to repeat fitting of interactions for every site in a given nanoparticle surface structure. In the present study, FCEM is expanded beyond only central symmetry equivalent sites. 23 For the TO the symmetry is relaxed and preserved along the [100] axis of the structure. For example, this increases the number of inequivalent sites from 4 to 10 in a 38-atom TO.
FCEM/CBEV calculations were performed using the FMINCON minimisation routine in MatLab. It can be noted that unlike the 0 K methods, FCEM/CBEV global minimum (GM) position was validated by smooth variations of site concentrations with decreased temperature.
C. Birmingham cluster genetic algorithm
Whilst possible for smaller systems, [38] [39] [40] the global optimisation of a 38-atom cluster at the DFT level is computationally challenging. [41] [42] [43] Another method of searching the DFT energy landscape is through the reminimisation of minima generated using a genetic algorithm and empirical potentials. 44, 45 Unbiased BCGA calculations, using Gupta many-body atomistic potentials, were used to generate minima for Pd 4 16, 46 The 10 lowest energy structures were then selected.
The Gupta potential is based on the second moment approximation to tight-binding theory and is constructed from 
where, for element types a and b and bond length r ij ,
and
where A, ζ , p, and q are parameters fitted to experimental values of the lattice parameters, experimental cohesive energies, and elastic constants at 0 K. 47 The Gupta parameters used are shown in Table I .
Spin-unrestricted calculations on the 10 minima and FCEM minima, using the same parameters as the surface energy calculations, were carried out using VASP. The geometry was allowed to relax in each case.
D. Energetics
Gupta binding energies, from BCGA calculations and stand-alone Gupta minimisations on FCEM structures, were calculated using
where E is the total energy calculated from the Gupta potential and N atoms is the total number of atoms in the NP. DFT binding energies were calculated using
where E A n B m is the total energy of the particle and E A/B are the energies of the single atoms.
III. RESULTS AND DISCUSSION
A. Surface energies
The DFT computed surface energies for Pd and Ir are shown in Table II for both the relaxed, σ r , and unrelaxed, σ ur , surfaces that are consistent with those previously reported. 26, 27, 48, 49 The relaxation of the surface is shown to make a considerable difference to σ and is, therefore, used for the derivation of δw b . The CBEV polynomial coefficients derived for Pd and Ir are listed in Table III and the overall variations plotted in Figure 1 . With respect to the bulk values, the strengthening of Ir-Ir bonds with decreasing coordination (increased Z 1 + Z 2 ) is consistently larger (i.e., δw is more negative) than for Pd-Pd bonds. This should result in some weakening of Pd surface segregation (via δw intra ) and should direct Ir to the subsurface (via δw inter ).
B. 38-atom NPs
The homotops predicted for the 38-atom TO by FCEM/CBEV for Pd 4 Figure 2 . These all show Pd segregating on the (100) facets of the TO structure. Pd, which has a lower surface energy (shown in Table II) , 50 preferentially occupies the lowest coordination sites. The formation of Pd-Pd bonds is favoured, preventing disruption of the stronger Ir-Ir bonds. This strong demixing tendency has been shown previously. 5 VASP calculations were carried out on each of the structures predicted using the CBEV/FCEM method and the 10-lowest energy minima from BCGA/Gupta calculations. The results for Pd 4 Tables IV-VI, respectively. At the DFT level the putative GM for Pd 4 Ir 34 is found to be BCGA minimum 1, an Ino-Decahedron (Ino-Dh) shown in Figure 3 . Three of the Pd atoms in the structure are in lowcoordinate dopant sites, minimising Ir-Ir bond disruption, as described by FCEM. The FCEM homotop is the overall second lowest energy structure and the lowest energy TO homotop, 4.41 meV/atom higher in energy than the GM. The Pd-Pd bonding predicted by FCEM is also seen in the GM, with a bond formed between two capping Pd atoms. Minimum 6 is the third lowest energy structure, here the Pd atoms form bonds on two separate (100) facets of the structure. The BCGA search for Pd 8 Ir 30 finds only Ino-Dh as low energy structures, the putative global minimum is shown in Figure 4 (see the supplementary material for the complete set of minima 51 ). When minimised with DFT there is significant reordering of minima, as seen in Table V , with the FCEM TO homotop becoming the third lowest energy structure, 1.92 meV/atom above the GM. Most Ino-Dh become significantly less favourable than the FCEM TO homotop. The global minimum Ino-Dh again shows Pd-Pd bonds across (100) faces of the structure.
The Gupta landscape for Pd 20 Ir 18 shows a larger variety of structures, including TO, capped TO and structures based on capped inc-Ih-Mackay (Inc-Ih), shown in Figure 5 (energies are listed in Table VI) .
The overall DFT GM is minimum 5, a structure with a Pd atom removed from the TO and moved to a (100)-capping This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation. site. The formation of this vacancy allows the capping Pd to occupy a lower coordinate site, again preventing the disruption of Ir-Ir bonds. The FCEM homotop is the lowest energy complete TO structure found, 2 meV/atom above the GM.
C. 79-atom NPs
The homotops predicted for the 79-atom TO by CBEV/FCEM for Pd 4 Ir 75 and Pd 8 Ir 71 are shown in Figure 6 . The predicted structures show Pd segregation towards the (100) facets of the TOs, as in the 38-atom case.
The results of DFT calculations on FCEM and BCGA minima, for Pd 4 Ir 75 and Pd 8 Ir 71 , are shown in Tables VII and VIII, respectively. In both cases, the FCEM TO predictions match perfectly the DFT GM and are much lower in energy than the Ino-Dh structures proposed by the BCGA, examples of which are shown in Figure 7 (see the supplementary material for the complete sets of minima 51 ). This may be due to the difficulty the BCGA has in finding the GM. The search was repeated 100 times to ensure a higher probability of finding a low energy structure. The BCGA, however, may still struggle to search the systems conformational space efficiently. However, the E b(Gupta) values for Pd 8 Ir 71 show that the FCEM TO homotop is higher in energy than the BCGA minimum. The structure was therefore not missed by the search but discarded because it is too high in energy. E b (DFT) shows that this predicted FCEM/CBEV structure is much more favourable at the DFT level.
D. 201-atom TO
The 201-atom TO has 12 different sites, shown schematically in Figure 8 (except for central site 1). To establish the site preference for a single Ir dopant atom in a 201-atom Pd TO, all inequivalent site binding-energies were assessed using DFT. 52 Due to both computational expense and the energetic cost of placing Ir on the surface, calculations were only carried out on only the first six sites, shown in Table IX .
Whilst DFT predicts the sub-subsurface site 2 to be the lowest energy, FCEM/CBEV predicts doping at subsurface site 4 to be lower in energy. It can be noted that the CBEV energetics can describe pair-wise interaction variations only at the surface and sub-surface of the NP. 
IV. CONCLUSIONS AND FUTURE WORK
The DFT calculation of six surface energies for Pd and Ir has allowed extraction of CBEV parameters for the Pd-Ir FCEM computations. Through evaluation using the BCGA/Gupta and DFT calculations, the chemical ordering predictions made by FCEM/CBEV are shown to be quite accurate for both 38-and 79-atom Pd-Ir NAs. The model is either able to predict low energy minima or global minima, particularly in the 79-atom case.
Despite some limitations, FCEM/CBEV is based on analytical expressions, offering extremely quick calculations, which can include the temperature dependence and extraction of other thermodynamic properties. The present assessment of FCEM/CBEV can give confidence for calculations on system sizes significantly larger than the small NAs accessible to the more accurate current DFT-based methods (0 K).
FCEM/CBEV predictions for Pd-Ir NPs will serve as basis for the future study of the catalytic activity of this system. Initial work including the study of small molecule adsorption on the predicted structures is underway. Calculations were performed Via membership of the UK's HPC Materials Chemistry Consortium, which is funded by EPSRC (EP/L000202), this work made use of the facilities of HECToR and ARCHER, the UK's national highperformance computing service, which is funded by the Office of Science and Technology through EPSRC's High End Computing Programme.
